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Abstract. Observations of reflected solar radiation measurements from natural
surfaces (e.g., clouds and forested biomes) are often noted as disobeying the prin-
ciple of reciprocity. In these contexts the application of reciprocity has been in its
directional form. We note that the general principle of reciprocity also encompasses
spatial attributes and reduces to a directional form only when the areas of illum-
ination and measurement are the same. In either form a proper reciprocal set of
reflected solar radiation measurements can never be obtained due to our inability
to control the area illuminated by the Sun. This may appear as a breakdown in
the directional reciprocity of the observations, which has serious implications for
remote sensing. Using Monte Carlo radiative transfer simulations, we demonstrate
that the magnitude of the apparent reciprocity breakdown depends on three factors:
(1) measurement resolution; with larger deviations occurring for higher resolutions;
(2) Sun-view geometry, with larger deviations occurring for larger Sun/view zenith

angles and differences between Sun and view angles; and (3) the distribution of
scatterers within and surrounding the measurement area, making the deviations

depend on scene type.

1. Introduction

In its original form the Helmholtz principle of general
reciprocity [von Helmholtz, 1859] is translated as:

‘From point A, a unit quantity of light of
a specific color, and polarized in a specific
direction, a, travels in such a beam direc-
tion that after a series of reflections and
refractions a quantity z finally arrives at
point B, polarized in a direction 8. If we
now radiate the latter point (B) in the re-
verse direction of the final beam with a unit
quantity of (-polarized light of the same
color, there arrives after all those reciprocal
and reversible processes the light has expe-
rienced, the same quantity z, therefore the
same fraction, of a-polarized light at the
point of origin (A).’

Since it first appeared, the principle has become a fun-
damental principle in radiative transfer, and applies to
absorbing and scattering media, with only a few excep-
tions (e.g., fluorescence). Note that the general princi-
ple of reciprocity has spatial, directional, and polariza-
tion attributes. The principle has been demonstrated
to be equally valid for unpolarized light and with com-
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plete mathematical rigor [e.g., Case, 1957]. Many other
physical systems have also been demonstrated to obey
a reciprocity principle, and the principle has become a
powerful mathematical tool in many branches of physics
(see Cook [1996] for a review). In this study, the recip-
rocal behavior of reflected solar radiation measurements
is examined. Emphasis is placed on measurements over
clouds and other natural surfaces.

Recently, the application of reciprocity to reflected
solar radiation measurements has been used to fill in
missing data values in the generation of angular de-
pendence models (ADMs) that describe the anisotropy
of the upwelling radiation field over a particular scene
type [e.g., Kriebel, 1996; Suttles et al., 1988]. It has also
been suggested that ADMs should be modified to obey
reciprocity [e.g., Green et al., 1990] or that the observa-
tions should be constrained to fit a particular reciprocal
ADM [e.g., Rahman et al., 1993]. In these contexts the
application of reciprocity stems from its plane-parallel
form [Chandrasekhar, 1960):

pol (o, Po; 1, 5 7) F (10, 00) =

I (1, @ po, 00; T) F (11, ) (1)

where I (u, ®; o, @o; T) is the upward radiance in di-
rection (4, ), u being the cosine of the viewing zenith
angle and ¢ being the viewing azimuth angle caused by
a downward solar irradiance F (uo, o), po being the
cosine of the solar zenith angle, and ¢ being the so-
lar azimuth. Here 7 is a variable that describes the
scene type (e.g., for plane-parallel clouds, T represents
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the optical depth) and is used to emphasize that the
same scene needs to be observed during reciprocal mea-
surements. The tilde symbol is used to emphasize that
the observations of I and I are usually taken at differ-
ent times. Equation (1) often appears written without
F, where F and F are assumed to cancel each other
out. When this form is used, the observed radiances
may need to be corrected for variations in the Earth—
Sun distance. However, other problems with temporal
sampling may exist.

For example, the Earth Radiation Budget Experi-
ment (ERBE) ADMs were derived from a statistical
analysis of 205 days of ERB scanner measurements [Sut-
tles et al., 1988]. Equation (1) was used to fill in angular
bins that were missing data. In such a statistical anal-
ysis, however, (1) can be applied correctly only when
the spatial and temporal distribution of 7 remain the
same as we switch directions between cause and effect.
Given that cloud properties possess a diurnal cycle [e.g.,
Minnis and Harrison, 1984; Duvel, 1989), it is unlikely
that the same 7 distribution is observed as we switch
directions between cause and effect, especially when the
difference between Sun and view angles is large. Thus,
over many observations of a particular reciprocal set of
directions, the appropriate application of the reciprocity
principle is limited by our ability to classify the scene
properly in terms of optical depth, at least as applied
to plane-parallel clouds. The ERBE cloud classification
(defined only by four cloud fractions) is too coarse to
capture this aspect; however, we note that definite im-
provements in this regard will be made by the Clouds
and the Earth Radiant Energy System (CERES) cloud
classification strategy [Wielicki et al., 1996].

Davies [1994] termed (1) the principle of directional
reciprocity, since the general principle encompasses both
spatial and directional attributes. He used ERBS data
to show that directional reciprocity breaks down over
scenes containing cloud. He further showed by exam-
ple that the breakdown may be due to the horizontally
heterogeneous nature of the cloud field. However, this
example is not general, and examples of horizontally
homogeneous scenes that violate directional reciprocity
are also possible, depending on the illumination condi-
tions (see section 2). As shown below, understanding
the spatial relationship between illumination and mea-
surement becomes a key factor in understanding the
observed breakdown of directional reciprocity.

Kriebel [1996] has also observed that radiance mea-
surements of natural Earth surfaces do not obey reci-
procity. Since he was concerned with measurements
taken near the Earth’s surface, he examined the role
of the diffuse sky radiation as a possible explanation
for the nonreciprocal nature of the observed radiances.
Even after correcting the diffuse sky radiation contribu-
tion, he was unable to explain why the solar reflectance
measurements from the Earth’s surface still appeared
to be nonreciprocal.
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While the basic difficulty in using directional reci-
procity is simply due to horizontal spatial effects in il-
lumination and measurement (section 2), these effects
on the measurements vary with scene type and resolu-
tion, and require deeper examination. The remainder
of this article explains why and how directional reci-
procity breaks down. In particular, section 2 discusses
the proper application of the general principle of reci-
procity, the difficulties in applying it over clouds and
other surfaces illuminated by the Sun, and the condi-
tion required to reduce it to a directional principle. In so
doing, we introduce three propositions concerning the
application of reciprocity in order to clarify the discus-
sion. In section 3 these propositions are illustrated by
examples from Monte Carlo simulations applied to het-
erogeneous cloud fields. The simulations reveal the be-
havior of directional reciprocity breakdown with regard
to variables such as Sun/view geometry, scene type, and
spatial resolution of the measurements. Of particular
interest is the strong dependence of the breakdown on
measurement resolution, implying that ADMs of natu-
ral surfaces should be resolution-dependent. Section 4
summarizes our results and addresses the implications
for remote sensing,.

2. Theoretical Background

The original form of the general principle of reci-
procity (given at the beginning of section 1) and (1)
lack the details needed for our application. Case [1957]
has given a rigorous mathematical formulation of the
general principle of reciprocity. However, interpreta-
tion is needed to understand how to apply the principle
to remotely sensed measurements of reflected solar radi-
ation. We therefore introduce three simple propositions
concerning reciprocity that allow us to form a clear ar-
gument needed to explain the observed breakdown of
directional reciprocity of reflected radiances from ex-
tended scenes.

Based on von Helmholtz’s original form of reciprocity,
it is unclear which measurement units should be as-
signed to the “unit quantity of light.” This was clarified
by Minnaert [1941] in a series of thought experiments.
Figure 1 is based on one of these. Consider two small
apertures, denoted by A and B with surface area a and
b, respectively, marking the only entry or exit points
for an intervening medium which may scatter or absorb
radiation. The areas are small enough that the radi-
ance is constant over them. Let f and j be the incident
and emerging radiances, respectively, and let F and J
be the corresponding total intensities (i.e., the integral
of the radiance over area, W sr~1). Starting with an
experiment in which a = b, both of unit area, we note
F = f at A produces some amount J = j at B.

For experiment 1, let a = 2b, so that F = 2f. This
produces 2J = 2j at B. Experiment 2 is the reciprocal
of experiment 1, in which B is illuminated by F = f,
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Figure 1. A reciprocal experiment depicting the gen-
eral principle of reciprocity. F and J represent total
intensities (W sr™1), and f and j represent radiances
(W m~2 sr™1). The areas of illumination or measure-
ment are represented by surface elements A and B. Reci-
procity ensures that the total intensity emerging from
surface area B in experiment 1 is equal to the total in-
tensity emerging from surface area A in experiment 2,
provided that the incident radiances are the same for
both experiments. Alternatively, the radiance emerg-
ing from surface area B in experiment 1 is equal to the
radiance emerging from surface area A in experiment 2,
provided that the incident total intensities are the same
for both experiments.

producing J = 2j at A. Comparing these two experi-
ments, we note that the measurement units should not
be radiance to radiance, nor total intensity to total in-
tensity, but rather radiance producing total intensity
(2f produces 2J in experiment 1, and f produces J
in experiment 2), or total intensity producing radiance
(F produces 2j in both experiments). (Strictly speak-
ing, this is true only if the indices of refraction at A
and B are the same (as they are in the applications
that we are considering); otherwise we need to account
for the relative refractive index as shown by Aronson
[1997]). We recommend reading Minnaert [1941] for
additional examples of this nature, and summarize the
general principle of reciprocity in modern terminology
as proposition 1.

Proposition 1: Let A and B represent two
surfaces in space, and let the medium that
fills the space be fixed in time during the
reciprocal measurements. The general prin-
ciple of reciprocity may be stated in the fol-
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lowing way: the radiance emerging from B
in direction ©p, caused by illuminating A
alone from direction 64 with total intensity
F, is equal to the radiance emerging from A
in direction ©4, caused by illuminating B
alone from direction © 5 with total intensity
F. The same holds for incident radiances
and observed total intensities.

Although the use of radiance or total intensity is gen-
erally applicable, Case [1957] demonstrated that the ir-
radiance (Wm™2) can also be used when the scene is
illuminated by parallel beams of radiation.

Consider the application of reciprocity when the illu-
minating source is the Sun and observations are made
from a space-based radiometer. Due to the temporal
variability of the media within a scene (e.g., clouds,
aerosols, vegetation), the scattering and transmission
properties of the scene may change between reciprocal
measurements. For the moment we will assume there is
no change. We will also assume that an identical area
is viewed during the reciprocal measurement (e.g., no
pixel expansion with viewing obliquity and perfect nav-
igation). A problem still exists in observing reciprocity
from satellite measurements because the Sun’s illumi-
nation is almost always over the entire Earth’s disc. A
proper reciprocal pair of measurements (for given direc-
tions of © 4 and ©p should consist of a measurement of
the total intensity summed by the radiometer over A,
caused by the Sun’s illumination of the Earth’s disc (B),
and a measurement of the total intensity summed by the
radiometer over the Earth’s disc, caused by the Sun’s
illumination of A alone. Although it may be possible
to measure the total intensity over the Earth’s disc, it
is thus far impossible to have the Sun illuminate only a
small subset of the Earth’s disc. Therefore, in the appli-
cation that we are considering, reciprocity cannot gen-
erally be observed for areas less than the entire Earth’s
disc since a proper reciprocal set of measurements can-
not be obtained. For this reason, we adopt “apparent”
reciprocity breakdown in our terminology.

There are cases, however, where directional reciprocity
has been successfully applied to natural surfaces illu-
minated by the Sun; for example, in lunar photome-
try [e.g., Minnaert, 1941]. To better understand the
successful application of directional reciprocity to these
cases, we introduce the following proposition.

Proposition 2: Let A be the complement
of A (ie., AN A= Q). If illuminating A
causes no effect on measurements taken at
A for all illuminating angles, then the gen-
eral principle of reciprocity can be applied
to measurements taken at A as if only A
were being illuminated.

The surface of the Moon satisfies the condition of propo-
sition 2, since the radiance emerging from some lunar



8798

region, A, is independent of whether A alone or the en-
tire lunar disc, AU A4, is being illuminated. However,
the conditions for proposition 2 do not generally apply
to solar radiation emerging from some region, A, at the
top of the Earth’s atmosphere, since there is generally
a contribution to the radiance emerging from A due to
horizontal transport of solar radiation into A from A.
This holds true for all surfaces that transport radia-
tion horizontally (e.g., clouds and vegetation canopies).
The magnitude of the contribution will depend on such
factors as the size of A, the distribution of scatterers
(e.g., liquid water in the case of clouds) within and sur-
rounding A, and the Sun-view geometry. However, if
this contribution of solar radiation is small relative to
the radiance emerging from A, then the condition of
proposition 2 is approximately satisfied and directional
reciprocity should approximately hold true. For exam-
ple, this may occur when the area of A becomes large.
Whether the scale of the ERBS field of view (FOV)
is large enough for reciprocity to be applied to cloudy
scenes is investigated in section 3; however, the results
of Davies [1994] and Loeb and Davies [1997] suggest
that it is not.

Finally, in plane-parallel theory, the general principle
of reciprocity always reduces to a directional principle.
However, we can be more encompassing.

Proposition 3: The general principle of
reciprocity always reduces to a directional
principle when A = B.

In plane-parallel theory, the region over which cause and
effect are defined is the same (i.e., a horizontally infinite
domain); however, homogeneity of the scene is neither
required (as mentioned earlier) nor sufficient for the ap-
plication of directional reciprocity. This is.in contrast to
the statement made by Loeb and Davies {1997, p. 6878],
that directional reciprocity “... requires the scene to be
horizontally homogeneous over the pixel scale.” For ex-
ample, finite FOV measurements of scattered radiation
from a horizontally infinite homogeneous cloud scene
that is only partially illuminated will undergo an appar-
ent reciprocity breakdown if the spatial attributes be-
tween illumination and measurement of propositions 1
or 3 are not observed. Thus, applying directional reci-
procity to the example of a homogeneous scene found
in the appendix of Davies [1994] is strictly correct only
for the typical situation of complete illumination.

In the following section, aspects of the three propo-
sitions given above are demonstrated by way of Monte
Carlo radiative transfer simulations through heteroge-
neous clouds. We demonstrate that the magnitude
of the apparent reciprocity breakdown depends on the
Sun-view geometry, the distribution of liquid water, and
the resolution of the measurements.

3. Monte Carlo Simulations

In this section, Monte Carlo radiative transfer simula-
tions through heterogeneous clouds are used to demon-
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strate several aspects of the propositions given in sec-
tion 2. There are several advantages of using the Monte
Carlo approach in this study: The accuracy of the simu-
lated radiances can be increased by increasing the num-
ber of simulated photons; radiative transfer through re-
alistic cloud fields can be simulated; the spatial res-
olution over which the simulated measurements are
made can be varied; and the photon trajectories can be
traced, thereby allowing us to determine the contribut-
ing sources to the simulated radiances. The disadvan-
tage of using the Monte Carlo approach in this study is
the vast amount of computational time required to ob-
tain accurate radiances. As a result, it is impractical at
this time to calculate, for example, the errors that have
been introduced into the ERBE ADMs by using reci-
procity in their derivation (to do so would also require
complete knowledge of the distribution of cloud prop-
erties). Instead, we aim to demonstrate the correct-
ness of the propositions given in section 2, to examine
the variables that affect the magnitude of the appar-
ent reciprocity breakdown, and to check if the conclu-
sions drawn from the simulations coincide qualitatively
with observations. This was accomplished through the
analysis of many scenes; however, all scenes gave qual-
itatively similar results. We therefore give onlv one
detailed example of a typical scene.

Figure 2 shows the cloud optical depth field used in
this example. The field was derived from the advanced
very high resolution radiometer (AVHRR; ~ 1 km reso-
lution) data using the method described by Oreopoulos
[1996]. The scene is 256 pixels/side, has a cloud frac-
tion =~ 0.53, and a cloud-averaged optical depth ~ 4.6.
This field was used as input to the Monte Carlo radia-
tive transfer model described by Vdrnai [1996]. The
model assumes constant cloud base altitude and con-
stant internal optical properties characteristic of water
clouds. This gives rise to variable cloud top altitudes.
It uses periodic boundary conditions, meaning that the
cloud field is assumed to repeat infinitely in all direc-
tions beyond the initial 256 km region. To minimize
possible effects of the boundary condition on the re-
sults, only areas that lie a distance of 10 km inward
from the scene border are examined.

The Monte Carlo code calculates the upwelling radi-
ance for solid angle bins, centered on each viewing di-
rection, having an angular radius of 10°. To obtain ex-
act correspondence between illumination and cloud re-
flection, the incident solar radiation reaching the cloud
layer is assumed to isotropically fill a solid angle bin
identical to that used for reflected radiances. Results
are generated for seven solar and view directions, the
centers of solid angle bins being at © = 0°, 45°, and
75°, and ¢ = 0°, 90°, and 180°. It should be noted
that for several reasons, such as the nonlinearity of the
4 — O relationship, the mean p and po values of these
solid angle bins are not equal to the cosines of the cen-
tral view angles. Instead, the effective u and po values
are 0.992, 0.700, and 0.256. This results in 21 recipro-
cal pairs of radiance ratios that are not identically 1.
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Figure 2. Cloud optical depth field used as input to the Monte Carlo example. The scene is
256 km on a side. The gray scale has been adjusted to enhance the cloud features.

The simulations assume conservative Mie scattering at
865 nm for the Sctop modified gamma drop size dis-
tribution of Welch et al. [1980]. Without loss of gen-
erality, the effects of the clear air and the underlying
surface are ignored.

The Monte Carlo simulations were performed at the
original resolution of the scene (1 km). The results
were then spatially averaged to simulate coarser res-
olution measurements. Since the statistical uncertainty
of the results increases with the resolution, no results
are presented for resolutions higher than 10 km. Two
sets of simulations were obtained in order to simulate
nine measurement resolutions (equivalent to pixel FOV)
ranging from 10 km to 236 km. For resolutions be-
tween 10 km and 40 km, our computational limitations
did not allow us to obtain accurate results for the en-
tire scene. Thus for such resolutions, only the 60 x
60 km? area centered in the scene depicted in Figure 2
was used. For resolutions between 40 km and 236 km,
however, the entire 256 km x 256 km scene was used.
Both experiments simulated the paths of the same num-
ber of photons (Table 1) through their respective cloud
fields. The center portion contains similar features to
the whole scene, and has a cloud average optical depth
of 7.1. We will denote the whole scene in Figure 2 as
region 1 and its 60 x 60 km? central portion as region 2.
Simulated measurements were made at 10 km spacings
for measurement resolutions > 40 km, and 2 km spac-
ings for measurement resolutions < 40 km. Simulations

at 40 km resolution were performed on both regions to
examine discontinuities caused by the different regions.
Using this strategy, the number of measurements and
the number of simulated photons at each resolution for
each region are shown in Table 1.

In our experiment it is useful to monitor two sets of
photon trajectories: (1) a-photons that both enter and
exit the measurement area; and (2) S-photons that en-
ter from outside the measurement area and exit within
the measurement area. The sum of the two contribu-
tions (x-photons = a-photons + B-photons) gives rise
to the total measured radiance, thereby simulating what
a radiometer would measure. In this way we can show
that the a-photons obey directional reciprocity, but the
X-photons do not.

Table 1. Number of Measurements (M) and Simulated
Photons (N;) per Pixel at Each Resolution (R) for Each

Region

Region 1 Region 2
Rkm M N,(x10° R,km M  N(x10°)
40 400 7 10 256 7
60 324 16 15 169 16
100 196 44 20 121 28
160 64 113 30 36 63
236 1 246 40 1 112
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In order to examine deviations from directional reci-
procity, it is useful to define

_ I, o2, 037)
p2I (p2, 25 11, 915 7)

()

where the incident irradiances for the reciprocal exper-
iment are the same and cancel. In Monte Carlo simula-
tions, photon counts are measured. In terms of photon
counts, (2) becomes

_ Bexa (p1, 015 2, 025 7) 1

= 3
H1X2 (H2,<P2;H1,<P1;T) ®)

Ex

where X represents the number of x-photons measured
(see Vdrnai [1996] to convert photon counts to radi-
ances; here the photon counts are relative to the total
incident number of photons, which are the same for all
simulations, giving rise to the p; and pg terms in (3)).
The parameters €, and g are defined in the same way.
From proposition 3, €, = 0. It is then easy to show

that

€y X2€
Equations (2)-(4) could also be defined with subscripts 1
and 2 interchanged. Note that as 3/x tends to 0, €, also
tends to zero. This happens when a > (3, which may
occur when the measurement area becomes very large
or when the conditions of proposition 2 are satisfied.
But 8/x > 0 is not a sufficient condition for [e,| > 0
(e.g., consider a plane-parallel homogeneous cloud illu-
minated everywhere with constant illumination); |eg|
also needs to be greater than zero. In the context of
this study, such conditions occur when horizontal di-
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Figure 3. The absolute deviation of the reciprocal pair
ratio from unity (g), averaged over all reciprocal pair
measurements, as a function of measurement resolution.
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vergence of radiation exists over the areas that violate
the spatial relationship of proposition 1 [see Case, 1957,
equation (20)]. This occurs, for example, in media that
are horizontally heterogeneous when the illumination is
constant everywhere and measurements are made over
a finite FOV.

Figure 3 shows a graph of |e, |, averaged over all recip-
rocal pair measurements, as a function of measurement
resolution. A value close to zero implies that directional
reciprocity is obeyed. Five sets of data points are shown
in Figure 3: one set of x-photons for each of region 1
and region 2, one set of a-photons for each of region 1
and region 2, and one set for photons scattered from
a plane-parallel scene having the same cloud-averaged
optical depth as the clouds in region 2.

For simulations through the cloud fields of both re-
gions 1 and 2, low photon numbers are observed in
cloud-free and nearly cloud-free measurement areas.
When the statistical uncertainty of the Monte Carlo
simulations (see T. Varnai and R. Davies, A fast and
accurate technique to simulate radiance fields reflected
from 3-D cloud fields, submitted to Applied Optics,
1998) is greater than 5% for a given pixel, the measure-
ment is rejected in all further analyses. For all points
shown in Figure 3, the uncertainties are less than 2%,
but vary from point to point.

The plane-parallel simulations obey reciprocity to
within numerical uncertainty and are, of course, inde-
pendent of resolution. They serve mainly to verify that
the Monte Carlo code is behaving within numerical un-
certainty caused by statistical fluctuations inherent to
Monte Carlo procedures.

The a-photons also obey reciprocity to within nu-
merical uncertainty at all resolutions and are indepen-
dent of the degree of inhomogeneity of the cloud field
found within the measurement area. This is in accor-
dance with proposition 3, given that measurements of
a-photons are equivalent to having the illuminated and
measurement areas the same. The increase of numerical
uncertainty at higher resolution is due to fewer photons
being simulated per pixel (see Table 1).

The x-photon results shown in Figure 3 do not obey
reciprocity at any of the measurement resolutions sim-
ulated. This is consistent with section 2, since simula-
tions of the x-photons, which represent measurements
of reflected solar radiation into a radiometer’s FOV,
do not obey the spatial relationship found in propo-
sition 1, nor the conditions of proposition 2 for this
example. Note that the x-photons undergo larger devi-
ations from reciprocity as the measurement resolution
increases. This is because the ratio of S-photons to
a-photons increases as the measurement resolution in-
creases. Also note that the discontinuity at 40 km reso-
lution is relatively small owing to the similarity of cloud
distribution within regions 1 and 2.

Unfortunately, the literature reveals no published
material on observed bidirectional reflection functions
(BDRFs) of clouds that can be useful to assess the
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resolution dependency of cloud ADMs. Much of what
has been done for cloud ADMs has been derived from
the Nimbus 7 ERB scanner [Taylor and Stowe, 1984].
The Nimbus 7 ADMs have since found application with
other sensors, such as ERBE [Suttles et al., 1988] and
AVHRR [Lubin et al., 1994]. However, if the magnitude
of the reciprocity deviation is a function of measurement
resolution, then so are ADMs (the proof is trivial). This
implies that ADMs should be applied only to data of the
same resolution as the data used to derive the ADMSs.
Figure 3 suggests that a cross-resolution application of
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Figure 4. Scatterplots of the (75°, 0°; 45°; 90°) re-

ciprocal pair at a measurement resolution of 10 km

for (a) the a-photons and (b) the x photons. Photon

counts, N, are used instead of radiances. u; = 0.700

and pg = 0.256. The scatter in Figure 4b is divided

into scene types defined in Table 2. Note that only five
of the eight scene types are present in the cloud field.
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Table 2. Scene Type Classification Used in Figure 3b

Class Cloud Fraction, % T
1 0 <CF< 25 7<Tm
2 25 <CF< 50 T<Tm
3 50 <CF< 75 T<Tm
4 75 < CF <100 7T<Tm
5 0 <CF< 25 T>Tm
6 25 <CF< 50 T>Tm
7 50 <CF< 75 T>Tm
8 75 <CF <100 T>Tm

CF denotes cloud fraction; 7 denotes optical depth; 7n =
7.1 (mean cloud optical depth of region 2)

ADMs becomes more inappropriate as the difference in
resolution between the data used to derive the ADM
and the data to which it is applied becomes larger. It
also implies that ADMs derived by plane-parallel mod-
els, which are independent of resolution, are likely to
be inappropriate for the real world. This implication is
consistent with Loeb and Davies [1997], who find sys-
tematic differences between plane-parallel theory and
observations. They also find that the ERBS measure-
ments, at a degraded resolution of 160 km, deviate from
reciprocity on average by about 5%. This 5% deviation
is consistent with Figure 3, which represents our “typi-
cal” cloud scene.

Figure 4 shows scatterplots of the (70°, 0°; 45°, 90°)
reciprocal pair for the a-photons and x-photons at a
measurement resolution of 10 km. Points that lie along
the diagonal obey reciprocity. The a-photons clearly
obey reciprocity to within statistical uncertainty; how-
ever, the x-photons do not. The scatter in Figure 4b
is not random and depends on scene type. In this ex-
ample, we define eight scene types by cloud fraction
and optical depth as shown in Table 2. Note that the
nonreciprocal nature of the radiances shows a system-
atic tendency that is a function of scene type. In fact,
it not only depends on the distribution of liquid water
within the pixel (as in our coarsely defined scene types),
but also on that surrounding the pixel. Pixels con-
taining low cloud fractions and optical depths tend to
be affected by neighboring pixels that have large cloud
fractions and optical depths; the converse is also true.
As a result, the relative contribution of the S-photons
to the x-photons, and hence the apparent reciprocity
breakdown, can coarsely be broken down by scene type
as demonstrated in Figure 4b. Similar conclusions can
be drawn from all other reciprocal pairs at all other
resolutions examined.

Our findings with regard to scene type cannot be
tested against observed cloud BDRFs, for which there is
an absence of useful data. However, some measured sur-
face BDRF's exist that support our findings. The sur-
face observations summarized by Engelsen et al. [1996]
show that the deviations of the surface BRDF's from di-
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Figure 5. Values of |e, | of the reciprocal pair (u;, u2)
for the 10 km resolution measurements averaged over
azimuthal directions.

rectional reciprocity are a function of scene type, with
a tendency for bare soils to be the most reciprocal and
forested biomes the least. Bare soils tend to agree with
proposition 2, whereas forested biomes can support hor-
izontal transport of radiation. For forests the magni-
tude of the deviation from directional reciprocity will
depend on the distribution of trees within and surround-
ing the measurement FOV.

Finally, Figure 5 shows a plot of |¢,| for 10 km resolu-
tion measurements averaged over azimuthal directions.
We see that the magnitude of the deviation from reci-
procity depends on the reciprocal angles. In general,
the deviations increase with increasing Sun/view zenith
angles and differences between Sun and view. This is
because the relative contribution of §-photons to the
total increases as the solar zenith angle becomes more
oblique. Similar conclusions can be drawn from all other
resolutions. The angular dependence of the apparent
reciprocity breakdown is consistent with the observa-
tions of Kriebel [1996] and Loeb and Davies [1997). Un-
fortunately, it is at large zenith angles where reciprocity
is often most needed in constructing ADMs.

4. Summary and Conclusion

Observations of reflected solar radiation measure-
ments from natural surfaces (e.g., clouds and forested
biomes) are often noted as disobeying reciprocity [e.g.,
Davies, 1994; Kriebel, 1996; Loeb and Davies, 1997]. In
these contexts the application of reciprocity has been in
its directional form. The general principle of reciprocity
given in proposition 1 encompasses spatial attributes
as well and reduces to a directional form only when the
areas of illumination and measurement are the same (cf.
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proposition 3). Given that the areas of illumination (the
entire Earth’s disc) and measurement (the radiometer’s
FOV) are generally not the same, directional reciprocity
can be observed only under the special circumstances
of proposition 2, or when the scene and its surrounding
areas are sufficiently homogeneous. Moreover, a proper
reciprocal set of measurements for general reciprocity
cannot be obtained due to our inability to control the
area covered by the illuminating source (i.e., the Sun
always illuminates the entire Earth’s disc). As a result
the observations deviate from reciprocity because an
unknown quantity of radiation enters from outside the
instrument’s FOV and contributes to the measured ra-
diance. We have shown by way of Monte Carlo radiative
transfer simulations that the degree to which the obser-
vations deviate from reciprocity will depend on three
factors: (1) measurement resolution, with larger devi-
ations occurring for higher resolutions; (2) Sun-view
geometry, with larger deviations occurring for larger
Sun/view zenith angles and differences between Sun and
view; and (3) the distribution of scatterers within and
surrounding the measurement area, making the devia-
tions depend on scene type.

These findings have important implications for re-
mote sensing techniques that use measurements of re-
flected solar radiation. The following are examples of
such implications:

1. In certain cases the construction or retrieval of
ADMs néed not be constrained to obey directional reci-
procity.

2. When using high or intermediate resolution mea-
surements to derive ADMs and directional reciprocity
to fill in missing directions, it is important to first com-
bine enough measurements so that their total area is
large enough for directional reciprocity to apply. This
is especially important when directional reciprocity is
used to fill missing ADM values for large viewing or so-
lar zenith angles. Typically, directional reciprocity is
expected to be always fulfilled to a sufficient degree at
scales of several hundred kilometers for cloudy scenes,
and at scales of several meters to kilometers for vege-
tated land and water surfaces.

3. Since the nonreciprocal behavior of the radiation
field depends on measurement resolution, then so do
ADMss in general. This implies that ADMs should be
applied only to data of the same resolution as the data
used to derive the ADMs. It also implies that ADMs
derived by plane-parallel models or retrieval techniques
based on the independent pixel approximation are likely
to be inappropriate for the real world.

In addition to remote sensing, our findings also have
implications for testing new radiative transfer calcu-
lation methods. In particular, one way to evaluate
such methods is to examine whether the results obey
the principle of reciprocity. If the method allows for
controlled illumination, then the method can be tested
using proposition 1. If the method allows for only di-
rectional reciprocity to be tested, then directional reci-
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procity should be satisfied in either of the following con-

ditions: proposition 2 is satisfied directly due to the na-

ture of the scattering medium, the reﬂected radiances
are averaged over the entire illuminated area (propo-
sition 3), the scene is sufficiently homogeneous, or the
reflected radiances are averaged over a sufficiently large
region.
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